Breast cancer is a major cause of cancer-related deaths in American women; therefore, the identification of novel breast cancer-related molecules for the discovery of new markers and drug targets remains essential. The human DEK gene, which encodes a chromatin-binding protein and DNA topology regulator, is upregulated in many types of cancer. DEK has been implicated as an oncogene in breast cancer based on mRNA expression studies, but its functional significance in breast cancer growth and progression has not yet been tested directly. We demonstrate that DEK is highly expressed in breast cancer cells compared with normal tissue, and functionally important for cellular growth, invasion and mammosphere formation. DEK overexpression in non-tumorigenic MCF10A cells resulted in increased growth and motility, with a concomitant downregulation of E-cadherin. Conversely, DEK knockdown in MCF7 and MDA-MB-468 breast cancer cells resulted in decreased growth and motility with upregulation of E-cadherin. The use of DEK-proficient and -deficient breast cancer cells in orthotopic xenografts provided further in vivo evidence that DEK contributes to tumor growth. Activation of the b-catenin signaling pathway is important for normal and cancer stem cell character, growth and metastasis. We show that DEK expression stimulated, and DEK knockdown repressed b-catenin nuclear translocation and activity. Importantly, the expression of constitutively active b-catenin rescued breast cancer invasion defects of DEK knockdown cells. Together, our data indicate that DEK expression stimulates the growth, stem cell character and motility of breast cancer cells, and that DEK-dependent cellular invasion occurs at least in part via b-catenin activation.
Introduction
Breast cancer is the second leading cause of cancerrelated deaths among women in the United States (ACS, 2009) . Early detection of breast cancer is crucial for successful treatment, because advanced high-grade disease correlates with increased metastasis and mortality (Tubiana and Koscielny, 1999) . Therefore, the identification of new breast cancer mediators and biomarkers, particularly those associated with metastasis and growth, remains critical in order to combat mortality from recurrent disease. Recent reports and Oncomine data have shown that DEK mRNA expression is upregulated in invasive ductal breast cancers with particularly strong gene expression in high-grade and late-stage breast cancers, making it a potential new target in the fight against recurrence (Rhodes et al., 2004; Abba et al., 2007; WiseDraper et al., 2009a) .
DEK is a unique protein expressed in the proliferating cells of all tissues (Waldmann et al., 2004) . A fraction of the cellular DEK pool is detected in the cytoplasm bound to mRNA, but 90% of the protein is associated with chromatin (Kappes et al., 2001) . Cell-free assays showed that DEK can introduce constrained positive supercoils into DNA and facilitate the ligation of linear DNA molecules in vitro (Waldmann et al., 2002 (Waldmann et al., , 2003 . Its ability to bind nucleic acids has led to functional associations with several cellular processes, including mRNA splicing, transcriptional regulation, DNA replication and DNA repair (Alexiadis et al., 2000; McGarvey et al., 2000; Le Hir et al., 2001; Campillos et al., 2003; Sammons et al., 2006; Soares et al., 2006) . DEK gene amplification and upregulated mRNA expression have been described in multiple cancer types, including hepatocellular carcinoma, bladder cancer and melanoma (Kondoh et al., 1999; Evans et al., 2004; Lu et al., 2005; Carro et al., 2006; Abba et al., 2007; Khodadoust et al., 2009; Wise-Draper et al., 2009a) . In particular, recent work has shown compelling evidence that DEK functions as an oncogene in lung neuroendocrine carcinomas and contributes to tumorigenicity, chemo-resistance and the expression of stem cell markers (Shibata et al., 2010) . DEK is an induced target of the human papillomavirus E7 oncoprotein and an inhibitor of p53-dependent and -independent cellular senescence and apoptosis phenotypes (Wise-Draper et al., 2006 , 2009a Johung et al., 2007; Kappes et al., 2008; Khodadoust et al., 2009) . However, few studies have analyzed DEK with regard to breast cancer despite its description as one of the most deregulated transcripts involved in cellular proliferation in lymph node-positive primary breast cancers (Abba et al., 2007) . This deregulation might occur because DEK is transcriptionally upregulated by the Rb/E2F pathway, which is frequently perturbed in breast cancers (WiseDraper et al., 2005; Carro et al., 2006; Bosco and Knudsen, 2007; Bowles et al., 2007) . As DEK is an E2F target gene, its expression is strongly indicative of proliferation. Here we define specific oncogenic activities of DEK in breast cancer cells in vitro and in vivo, including roles in tumor growth, cancer stem cell characteristics and the identification of a molecular mechanism through which DEK contributes to cell motility and invasion.
Results

DEK is highly expressed in breast cancer cells
Meta-analysis of microarray data in Oncomine indicated that the DEK proto-oncogene may be important for breast cancer development and progression (Rhodes et al., 2004) . In particular, DEK expression was higher in breast carcinomas compared with normal breast tissue, and this correlated with tumor grade, tumor subtype, lymph node involvement and disease-free survival (data not shown) (van de Vijver et al., 2002; van't Veer et al., 2002; Miller et al., 2005; Wang et al., 2005; Richardson et al., 2006) . To determine the frequency of DEK protein upregulation in breast cancer cells, 11 distinct breast cell lines were analyzed by western blotting ( Figure 1B ; overexposed to show expression in normal tissue). Consistent with previous reports on DEK mRNA levels (van de Vijver et al., 2002; Miller et al., 2005; Wang et al., 2005; Richardson et al., 2006) , DEK protein was highly expressed in all 11 breast cancer cells compared with normal breast tissue, suggesting uniform DEK overexpression in breast cancer cell lines. To examine this further, immunohistochemistry was performed on a breast tissue microarray to assess DEK expression in primary tumors. DEK was detected in less than 50% of ductal epithelial cells in normal and nonmalignant breast diseases, including hyperplasia and fibrocystic disease (Figure 1B, . Consistent with prevalent DEK expression in breast cancer cell lines, 80% (24/30) of invasive carcinomas expressed DEK. Moreover, 20% (6 of 30, P ¼ 0.05 w 2 ) of the invasive carcinomas showed greater than 50% of the cancer cells staining positive for DEK ( Figure 1B , e and f), demonstrating that DEK expression is more uniform in malignant tumors than in normal or hyperplastic breast epithelium, and suggesting that DEK upregulation in cancer may result from an increase in DEK expressing cells. Together, these data demonstrate that DEK is highly expressed in breast cancer cell lines as well as primary breast cancers in vivo.
DEK promotes breast cancer cell growth and survival We next sought to determine the physiological role of DEK in regulating breast cancer cell growth. We chose three molecularly unique cell lines; non-tumorigenic estrogen receptor-negative MCF10A cells, tumorigenic estrogen receptor-negative MDA-MB-468 cells and tumorigenic estrogen receptor-positive MCF7 cells. These cells were retrovirally transduced with a DEK overexpression construct (R780:DEK) or empty vector (R780) as a control, and expression was confirmed in the polyclonal population by western blotting (Figure 2a) . The degree of overexpression was modest, as has been noted previously (Wise-Draper et al., 2005 , 2009a . We found that the R780:DEK cells grew faster than their respective controls in each of the three lines. Interestingly, the observed differences manifested as a trend in tumorigenic MDA-MB-468 and MCF7 cells, but the strongest effect was observed in the non-tumorigenic, slower growing MCF10A cells (Figure 2b ). Increased growth was further supported by the presence of elevated cyclin A levels in the DEK-overexpressing cells compared with control cells (Figure 2a ). The nontumorigenic MCF10A cells demonstrated a more dramatic increase in cyclin A expression than the other two breast cancer cell lines, a finding that correlated well with the observed significant degree of growth stimulation by DEK.
As MCF7 and MDA-MB-468 cells are already rapidly growing cancer cell lines, and overexpression of DEK did not dramatically enhance this phenotype, we predicted that DEK knockdown might suppress cellular growth in cancer cells. Cells were transduced with non-targeting shRNA (NTsh) or two different DEK-specific lentiviral shRNA constructs (sh2 and sh5), and expression was confirmed by western blotting (Figure 2a ). In both MCF7 and MDA-MB-468 cells, the most efficient DEK knockdown construct, DEKsh2, nearly abolished cellular growth. DEKsh5, which moderately decreased DEK expression, caused an intermediate phenotype (Figure 2c ). The decreased cell growth induced by DEK knockdown was associated with decreased cyclin A levels in MDA-MB-468 cells, but not in MCF7 cells (Figure 2a ). There is an overall correlation between cyclin A expression and DEKmediated effects on cell growth. However, as indicated in MCF7 cells, it appears that DEK can promote cyclin A-independent cellular growth. To determine if impaired growth was due to changes in apoptosis, we analyzed active (cleaved) caspase 3 detection in MCF7 and MDA-MB-468 cells, and both cell lines had an approximate threefold increase in cell death following DEK depletion (Figure 2d ). To define a potential molecular mechanism for apoptosis due to DEK depletion, western blotting was performed to analyze the expression of 10 pro-and anti-apoptotic proteins. Although striking changes in expression were not detected (Supplementary Figure 1A) , the relative expression of Bcl-xL in DEKsh2 averaged approximately 70% of that observed in NTsh MCF7 and MDA-MB-486 cells. Additionally, our previous preliminary experiments suggested that Bcl-xL rescues DEK depletion-induced apoptosis (Wise-Draper et al., 2006) . Indeed, exogenous Bcl-xL expression in MCF7 cells resulted in a significant reduction in the percentage of apoptotic DEKsh2 cells, as determined by subG1 DNA content (Supplementary Figure 1B) . These data suggest that the observed slight Bcl-xL repression contributes to DEKsh-induced apoptosis, but by no means rule out a functional role for Bcl-xL-unrelated molecular mechanisms. Taken together, our data indicate that DEK promotes cell growth at least in part via the inhibition of apoptosis, regardless of estrogen receptor status, in breast cancer cells.
DEK enhances mammosphere formation
As DEK expression modulated the growth rates of the culture population as a whole, we next asked if DEK may also contribute specifically to the growth of the breast cancer stem cell population. Cancer stem cells have been implicated in tumor recurrence and drug resistance (Dontu et al., 2005) and can be enriched in suspension cultures as mammospheres (Dontu et al., 2003) . Additionally, this distinct sub-population of cancer cells can be prospectively isolated, based on the ability to efflux Hoechst 33342 dye through ABC transporters to form the 'side population' (Woodward et al., 2005) . First, MCF7 cells were analyzed for Hoechst dye exclusion by flow cytometry. The overexpression of DEK nearly doubled the size of the side population, whereas DEK depletion resulted in a decrease in the side population (Figure 3a) . Transporter inhibition through the addition of verapamil completely eliminated the side population. We then used DEK-deficient and -proficient MCF7 cells cultured under non-adherent conditions in media formulated to foster mammosphere formation (Dontu et al., 2003) . The overexpression of DEK resulted in increased mammosphere formation, whereas the loss of DEK decreased mammosphere formation (Figure 3b ). Lysates collected from mammospheres confirmed that DEK abundance was maintained (Figure 3c ). Mammospheres were then passaged twice to assess cancer stem cell maintenance, with the second passage of mammospheres exhibiting the same degree of difference as observed in the first passage (Figure 3d ). Finally, NTsh mammospheres were confirmed to be enriched for cells . This significant decrease in invasive potential was also observed in MDA-MB-468 cells (Figure 7c ). We next asked whether the role of DEK in cellular motility was specific to cancer cells. Matrigel invasion assays showed that Dek-knockout mouse embryonic fibroblasts (MEFs) had reduced chemotaxis-driven migration through collagen compared with Dek wild-type MEFs (Figure 4c , DEK expression shown in Figure 6e ). This data identifies a novel role for the DEK oncogene in regulating cellular invasion in both normal and breast cancer cells.
DEK promotes tumor cell growth in vivo
We next tested the biological role of DEK in breast tumorigenesis in vivo using an orthotopic model system. Control NTsh or DEKsh2 MDA-MB-468 cells were injected into the mammary fat pad of nulliparous female nude mice and then monitored for tumor size. Tumor initiation was comparable for both cell lines. However, beginning at 6 weeks, the tumors from MDA-MB-468 NTsh cells grew significantly larger than tumors from DEKsh2 cells (Figure 5a ). Final tumor volumes after killing also show that NTsh tumors were significantly larger than DEKsh2 tumors (Figure 5a bottom panel) . The excised tumors were analyzed by immunohistochemistry for BrdU incorporation as a marker of proliferation, and cleaved caspase 3 as a marker of apoptosis. Tumors were also analyzed for DNp63, because DEK overexpression resulted in increased DNp63 expression in primary human keratinocytes, and because p63 is essential for mammary gland development and is a hallmark of poorly differentiated breast carcinomas (Ribeiro-Silva et al., 2003; WiseDraper et al., 2009b) . Increased expression of the oncogenic isoform, DNp63, was observed in NTsh tumors compared with DEKsh2 tumors (Figure 5b ). Expression of E-cadherin was increased in DEKsh2-derived tumors, supporting the noted decrease in cell invasion in vitro (Figure 5b ). DEKsh2-derived tumors exhibited increased numbers of cleaved caspase 3-positive cells and decreased numbers of BrdU-positive cells (Figures 5c and d) , demonstrating that DEK promotes cancer cell proliferation and survival in vivo.
Finally, immunofluorescence studies of tumor sections derived from NTsh cells indicated coexpression of DEK and the proliferation marker proliferating cell nuclear antigen (PCNA) within the same cells (Figure 5e ), providing further evidence that DEK expression is associated with proliferating cancer cells.
DEK promotes breast cancer cell invasion by inducing b-catenin activity In order to define a potential mechanism for the role of DEK in cancer cell invasion, DEK-proficient and deficient cells were analyzed for E-cadherin expression, which is typically downregulated in cells that have become more motile (Guarino et al., 2007) . Although we did not observe an overt morphological change, DEK overexpression in the MCF10A cells caused decreased E-cadherin levels, whereas the loss of DEK in MCF7 and MDA-MB-468 cells resulted in a moderate increase in E-cadherin expression (Figures 6a and b) . Furthermore, quantitative RT-PCR for E-cadherin (CDH1) confirmed these trends and indicated that this change in expression was due to transcriptional regulation ( Figure 6c ). CDH1 expression is negatively regulated by Wnt/b-catenin signaling, which is a major pathway driving cell motility and stem cell maintenance (Li et al., 2003; Heuberger and Birchmeier, 2010) . We discovered that the downregulation of DEK in MDA-MB-468 cells resulted in decreased levels of active b-catenin in the nucleus (Figure 6d ). Similar results were observed in MCF7 DEKsh2 cells, and increased levels of nuclear b-catenin were observed in DEK-overexpressing cells (data not shown). Importantly, Dek knockout MEFs also exhibited decreased levels of activated b-catenin, indicating that DEK is important for b-catenin activity in multiple species and in both normal and cancerous cells (Figure 6f ). This decrease in active b-catenin levels translated into repression of transcriptional activity, as detected by TOP/FOP luciferase reporter assays, in MDA-MB-468 and MEF cells (Figures 6e and g ). We attempted to rescue the decreased invasion phenotype by transiently expressing a constitutively active form of b-catenin, S37A b-catenin, in NTsh and DEKsh2 MDA-MB-468 cells (Figure 7a) . Expression of S37A b-catenin partially rescued the defect in transcriptional activity relative to control cells (Figure 7b ) and fully rescued the invasion defect in Matrigel transwell assays ( Figure 7c) . Therefore, the role of DEK in stimulating cellular motility and invasion is, at least in part, because of its ability to activate the b-catenin signaling pathway.
Discussion
Together, our findings are the first to report on the oncogenic activities of DEK in breast cancer and to define both functional and molecular mechanisms for DEK in breast cancer pathogenesis. DEK was highly expressed in breast cancer cell lines and was expressed in a higher percentage of tumor cells from high-grade primary invasive ductal carcinomas compared with benign tissue and low-grade carcinomas. We have found that DEK regulates cancer growth and survival in vitro and in vivo and can additionally contribute to breast cancer stem cell growth. We also report here the novel association of DEK with invasion through the b-catenin signaling pathway. We demonstrate control of motility and invasion by DEK in breast cancer cells and in normal murine embryo fibroblasts, thus extending recent data published for neuroendocrine lung cancer cells (Shibata et al., 2010) . Furthermore, we report the significant and novel finding of a molecular mechanism for this phenotype, in that, DEK can stimulate b-catenin transcriptional activity. In addition, the decrease in invasive potential in DEK-deficient cancer cells was rescued by the expression of a constitutively active b-catenin construct. Our identification of DEK as a regulator of b-catenin signaling may be supported by the recent finding, according to microarray data, that DEK can regulate Wnt10b expression (Shibata et al., 2010) . Of importance, the regulation of b-catenin activity by DEK was observed in multiple species and in both normal fibroblasts and breast cancer cells, indicating that this is an evolutionarily conserved mechanism.
Cancer stem cells have been hypothesized to facilitate tumor recurrence because of their drug resistance and ability to reconstitute the entire tumor. The cancer stem cell hypothesis is particularly relevant to breast cancer, following the discovery of breast cancer stem cells and the ability to culture them as mammospheres (Al-Hajj et al., 2003; Dontu et al., 2003) . This is the first report to implicate DEK in the maintenance of the breast cancer stem cell-like population, by showing that DEK overexpression in MCF7 breast cancer cells increased the number of mammospheres formed in culture and the percentage of cells in the side population. Wnt/b-catenin signaling is well known to contribute to cancer invasion and metastasis, as well as cell migration during development, often through an epithelial-mesenchymal transition (Heuberger and Birchmeier, 2010) . However, b-catenin signaling is also crucial for the proliferation of breast cancer stem/ progenitor cells in vivo (Li et al., 2003) . On the basis of our data, we postulate that DEK upregulation in primary high-grade breast cancers may contribute to subsequent recurrence and metastasis through alterations in b-catenin signaling.
Our previous studies in human keratinocytes indicated that highly proliferative cancer cells are more susceptible to DEK depletion than less proliferative cells (Wise-Draper et al., 2009a) . Targeting DEK expression may therefore be an efficient mechanism for inhibiting breast cancer growth and progression, with minimal toxicity to neighboring normal cells with low proliferation indices. Interestingly, recent reports have indicated that DEK expression correlates with resistance to chemotherapeutic drugs like camptothecin, etoposide, neocarzinostatin and doxorubicin, which are often used to treat breast cancer (Kappes et al., 2008; Khodadoust et al., 2009) . The combination of conventional clastogenic agents with DEK-specific targeting approaches may therefore function synergistically in the treatment of patients with advanced breast cancer. 
Materials and methods
Cell culture
Cell lines were obtained from the American Type Culture Collection. MCF7 cells were grown under ATCC recommended conditions. MDA-MB-468 cells were cultured in modified Improved Minimum Essential Medium (MEM) (IMEM; Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine serum, and MCF10A cells were cultured and maintained as previously described (Soule et al., 1990) . Transfections were performed using TransIT-LT1 reagent (Mirus Bio, Madison, WI, USA), and cells were assayed after 48 h.
Dek wild-type and knockout mice (gift of Gerard Grosveld, St Jude Children's Hospital, Memphis, TN, USA) were used to generate primary MEFs (Wise-Draper et al., 2009a) . MEFs were explanted from 13.5-day-old embryos and maintained in a high-glucose Dulbecco's Modified Eagle Medium (DMEM) containing 10% fetal bovine serum, 2 mM L-glutamine, MEM non-essential amino acids, 0.055 mM b-mercaptoethanol and gentamycin. Immortalized MEFs were obtained by 3T3 serial passaging.
Western blotting
Western blotting was performed as previously described using 40 mg of total protein and semi-dry transfer (Andreassen and Margolis, 1994; Wise-Draper et al., 2006) . (1:10 000, gift of James Lessard, Cincinnati Children's Hospital, Cincinnati, OH, USA). Fractionated lysates were prepared as previously described (Dignam et al., 1983) . Protein from tumor tissue was isolated by pulverizing snap-frozen tissue with a mortar and pestle before the addition of lysis buffer. Band intensities were measured using Image J software v1.43u (National Institutes of Health, Bethesda, MD, USA, http://rsb.info.nih.gov/ij).
Tissue microarray
A breast tissue microarray (BRC961C_F, Pantomics, Inc., Richmond, CA, USA) was immunohistochemically stained for DEK, as described below. The tissue microarray contained intact duplicate samples, including normal breast (n ¼ 2), invasive adenocarcinomas (n ¼ 30, 28 ductal, one ductal papillary and one mucinous) and non-malignant breast disease, including hyperplasia (n ¼ 3), fibrocystic changes (n ¼ 4) and fibroadenomas (n ¼ 3). All patients were female with the exception of the one case of ductal papillary adenocarcinoma. DEK staining was blindly scored as positive or negative based on the presence of any brown-stained nuclei.
Immunohistochemistry
Paraformaldehyde-fixed and paraffin-embedded tissues were sectioned, subjected to sodium citrate antigen retrieval and stained using the M.O.M. Peroxidase kit (Vector Labs, Burlingame, CA, USA) and 3,3 0 -diaminobenzidine. The following antibodies were used: DEK (1:60, BD Biosciences), BrdU (1:100, Molecular Probes/Invitrogen, Carlsbad, CA, USA), DNp63 (1:50, Santa Cruz Biotechnology) or cleaved caspase 3 (Asp175; 1:100, Cell Signaling Technology, Beverly, MA, USA). Samples were counterstained with 0.1% Nuclear Fast Red (Poly Scientific, Bay Shore, NY, USA) and preserved with Permount (Fisher Scientific, Pittsburgh, PA, USA).
Retroviral and Lentiviral transduction
Cells were transduced with retroviral constructs (R780 and R780:DEK), as described previously, and sorted on the basis of GFP expression (Wise-Draper et al., 2009a) . Alternatively, cells were transduced with the lentiviral pLKO.1 constructs (Sigma-Aldrich Mission shRNA library) and selected in 2 mg/ml puromycin. DEKsh2 represents construct pLKO.1_-DEK832, and DEKsh5 represents construct pLKO.1_-DEK523. NTsh is a non-targeting control. DEKsh2 functionality was published previously (Kappes et al., 2008) . All cells were analyzed within four passages of selection.
Growth curves
Cells were plated at equal density in six-well plates, trypsinized and counted in triplicate using a hemacytometer.
Flow cytometry
Apoptotic cells were labeled with the Caspase 3, Active Form, Apoptosis kit (BD Biosciences), according to manufacturer's instructions. Samples were analyzed with a FACS Calibur flow cytometer (BD Biosciences). The side population was analyzed on the basis of exclusion of Hoecsht 33342 using an LSRII flow cytometer (BD Biosciences), as previously described (Goodell et al., 1996) . Verapamil at a final concentration of 100 mM was used as a negative control to properly identify the population.
Mammosphere culture MCF7 cells were seeded at a density of 10 000 cells per ml in 6-well plates coated with 1% agarose and cultured in DMEM:F12 (1:1) media with 2% bovine serum albumin (BSA), 10 ng/ml epidermal growth factor (EGF) and 1.0 mg/ml each of hydrocortisone and insulin. The total number of mammospheres were counted after 10 days. Mammospheres were passaged, as previously described, and replated at a density of 2500 cells per ml (Zhang et al., 2008) . Images were obtained with a Leica DMIL microscope (Leica Microsystems, Bannockburn, IL, USA) and SPOT imaging software (Diagnostic Instruments, Sterling Heights, MI, USA).
Migration and invasion assays
Transwell assays, with or without Matrigel, were used to determine cell migration and invasive potential in vitro, according to manufacturer's instructions (BD Biosciences). Cells were seeded in supplement-free media, and complete media was placed into the bottom chamber as a chemoattractant. Cells attached to the outer surface of the transwell chamber were alcohol-fixed, and stained with Giemsa after 20 h.
In vivo Tumorigenesis Cells were orthotopically injected into the inguinal mammary fat pads of nulliparous, 12-week-old female athymic nude mice, as described (Allan et al., 2006) . Tumors were measured with calipers, and volume was calculated as ((p/6) Â L Â W 2 ) (Euhus et al., 1986; Tomayko and Reynolds, 1989) . Two hours before killing, the mice were intraperitoneally injected with 600 mg of BrdU (200 ml of a 10 mM solution; GE Healthcare/ Amersham, Piscataway, NJ, USA). At necropsy, the mice were weighed and the tumors with any adjacent mammary gland and/or lymph nodes were excised, measured, weighed, fixed and embedded in paraffin. The usage and handling of mice were performed with the approval of the University of Cincinnati Institutional Animal Care and Use Committee.
Immunofluorescence
Tissue sections from paraffin-embedded MDA-MB-468 NTsh xenograft tumors from the mammary gland were deparaffinized, underwent antigen retrieval with 10 mM sodium citrate, blocked with 5% normal donkey serum and immunostained with antibodies for DEK (1:50, Aviva Systems Biology, San Diego, CA, USA) and PCNA (1:50, BD Biosciences). DEK and PCNA were visualized with rhodamine-and FITC-conjugated secondary antibodies, respectively (1:200, Jackson Immunoresearch, West Grove, PA, USA) and then counterstained with ProLong Gold antifade reagent with 4 0 ,6-diamidino-2-phenylindole (DAPI; Invitrogen/Molecular Probes).
Cultured cells were seeded into 8-well chambered slides (BD Biosciences) and labeled, as previously described (Prahalad et al., 2004) , except 0.1% normal goat serum, which was used for blocking. Cells were labeled with anti-E-cadherin antibody (1:50, BD Biosciences) and FITC-conjugated anti-mouse secondary antibody (1:50, Jackson Immunoresearch, West Grove, PA, USA), and then counterstained with Vectashield plus DAPI (Vector Labs). All immunofluorescence images were obtained with a Leica DMI 6000b microscope (Leica Microsystems) and OpenLab v5.5 imaging software (Perkin Elmer, Waltham, MA, USA).
TOP/FOP Luciferase reporter assay MDA-MB-468 cells were transfected, as described above, with pRL-TK (Renilla) and either pSUPER(8 Â )TOPFlash or pSUPER(8 Â )FOPFlash, and then assayed with the DualLuciferase Reporter Assay System (Promega, Madison, WI, USA). Rescue of b-catenin signaling was performed by transfecting cells with the constitutively active S37A b-catenin construct cloned into the pcDNA6.V5-His plasmid. All plasmids were a gift from Aaron Zorn (Cincinnati Children's Hospital). Data is presented as the ratio of relative light units of TOPFlash to FOPFlash.
Quantitative RT-PCR mRNA was isolated from subconfluent cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA), and one microgram of total mRNA was used to produce cDNA using the QuantiTect Reverse Transcription kit (Qiagen, Valencia CA, USA). Expression was tested using SYBR Green detection and an ABI7300 Real Time PCR system (Applied Biosystems, Carlsbad, CA, USA). Data was analyzed using the comparative Ct method (Schmittgen and Livak, 2008) . The following primers were used: (1) E-cadherin Forward: 5 0 -CAGAAAGTT TTCCACCAAAG-3 0 (2) E-cadherin Reverse: 5 0 -AAATGT GAGCAATTCTGCTT-3 0 (3) GAPDH Forward: 5 0 -GGTCT CCTCTGACTTCAACA-3 0 and (4) GAPDH Reverse: 5 0 -ATA CCAGGAAATGAGCTTGA-3 0 .
Statistics
Statistical significance was assayed using two-tailed Student's t-test or w 2 test. All in vitro experiments represent the average of triplicate experiments, and error bars depict standard error. In the figures, one asterisk (*) indicates Po0.05, and two asterisks (**) indicates Po0.001.
